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A B ST R A C T
W e reporton the discovery ofa binary pulsar,PSR J1740  3052,during
the Parkes m ultibeam survey.Tim ing observations ofthe 570-m s pulsar at
JodrellBank and Parkesshow thatit is young,with a characteristic age of
350 kyr,and isin a 231-day,highly eccentric orbitwith a com panion whose
m assexceeds11M  .An accurateposition forthe pulsarwasobtained using
the Australia Telescope Com pact Array.Near-infrared 2.2-m observations
c 0000 R A S
m ake with the telescopesatthe Siding Spring observatory reveala late-type
starcoincidentwith thepulsarposition.However,wedo notbelievethatthis
star is the pulsar’s com panion,because a typicalstar ofthis spectraltype
and required m asswould extend beyond the pulsar’sorbit.Furtherm ore,the
m easured advance ofperiastron ofthe pulsarsuggestsa m ore com pactcom -
panion,forexam ple,a m ain-sequence starwith radiusonly a few tim esthat
ofthesun.Such acom panion isalsom oreconsistentwith thesm alldispersion
m easurevariationsseen nearperiastron.Although wecannotconclusivelyrule
outa black-holecom panion,webelievethecom panion isprobably an early B
star,m aking the system sim ilarto the binary PSR J0045  7319.
K ey w ords: pulsars:general| pulsars:individual(PSR J1740  3052)|
binaries:general| stars:late-type | stars:m assloss| X-rays:stars
1 IN T R O D U C T IO N
Radio pulsars in binary system s provide a wealth of inform ation about neutron stars,
theircom panions,and binary evolution.Through radio and opticalobservationsofdouble-
neutron-starand neutron-star{white-dwarfbinaries,an overallpictureofbinary pulsarevo-
lution has em erged (see,e.g.,Bhattacharya and van den Heuvel1991 and Phinney and
Kulkarni1994).Young pulsarsloseenergy in theform ofparticlesorelectrom agneticwaves
and arebelieved tospin down with approxim ately constantm agneticeld,eventually reach-
ing the point at which the radio em ission m echanism is no longer eective.An isolated
neutron starwillneveragain be observed asa radio pulsar.However,a neutron starwith
a non-degenerate com panion m ay be ‘recycled’by accreting m assand orbitalangularm o-
m entum from theevolving com panion in an X-ray binary phase.Thepulsar’sspin period is
decreased,itsm agnetic eld isreduced,and itbeginsonce m ore to em itasa radio pulsar.
There are severalpossible branchesto thisevolution.Low-m asscom panionsperm itstable
m asstransferto the neutron staroverthe lifetim e ofthe giantphase,resulting in pulsars
with spin periodsofa few m illisecondsand low-m assHewhite-dwarfcom panions.Unstable
m asstransferfrom higher-m assred giantsm ay yield pulsarswith slightly longerspin peri-
odsand heavier,CO white-dwarfcom panions.A com panion m assive enough to undergo a
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supernova explosion itselfwillresultin eitheran unbound pairofneutron stars,onesom e-
whatrecycled,one young,ora double-neutron-starsystem such asPSR B1913+16 (Hulse
& Taylor1975).
The precursorsto these evolved binary system sm ustbeyoung neutron starswith non-
degeneratecom panions,and som eoftheseneutron starsshould bevisible asradio pulsars.
Indeed,two such objectshave been reported to date:PSR B1259 63,with a  10M  Be-
starcom panion (Johnston etal.1992),and PSR J0045 7319,whosecom panion isa B star
also ofm ass 10M  (Kaspietal.1994).Both ofthesem ain-sequencebinariesarebelieved
to beprogenitorsofhigh-m assX-ray binaries(HM XBs).
In thispaper,we reporton the discovery ofa third young radio pulsarwith a m assive
com panion.PSR J1740 3052 is a 570m s pulsar which is in a 231-day binary orbit with
a com panion ofm inim um m ass 11M  .This pulsar was discovered in the ongoing Parkes
m ultibeam pulsarsurvey,alarge-scalesurveyforpulsarscurrentlybeingcarriedoutusingthe
13-beam 1400-M Hzreceiveron the Parkes64-m radio telescope ofthe Australia Telescope
NationalFacility (M anchesteretal.2001).The discovery observations,radio pulse tim ing
and interferom etric observations,and the results obtained from them are described in x2.
Near-infrared observationsm adetoidentify thepulsarcom panion aredescribed in x3.Radio
and X-rayobservationsm adearoundperiastron passagesaredescribed in x4.In x5wediscuss
theim plicationsoftheobservationalresultsand thenatureofthepulsarcom panion.
2 R A D IO O B SERVAT IO N S A N D T IM IN G SO LU T IO N
2.1 O bservations and D ata R eduction
PSR J1740 3052 was initially observed on 1997 Aug.25,and the survey reduction soft-
ware identied it as a candidate with a 570-m s period and dispersion m easure (DM ) of
739cm   3pc.Survey param etersand proceduresaredescribed in detailby M anchesteretal.
(2001).The conrm ation observation gave a period which wassubstantially dierentfrom
theinitialdiscovery period,indicating possiblem em bership ofa binary system .Thepulsar
hassincebeen observed in aseriesoftim ingm easurem entsatboth theParkes64-m telescope
and theLovell76-m telescope atJodrellBank Observatory,UK.
At Parkes,m ost data are recorded using the centralbeam ofthe m ultibeam system ,
with a 2 96 3 M Hzlterbank centred on 1374M Hzand adigitalsam pling rateof250s.
Detailsofthe tim ing observationsm ay befound in M anchesteretal.(2001).Thepulsaris
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also frequently observed at660 M Hz,using a lterbank consisting of2 256 0:125 M Hz
channels.
ObservationsatJodrellBank arem adein aband centred near1400M Hz.Thelterbank
consisted of2 32 3 M Hzchannelscentred on 1376M Hzuntil1999 Aug.,and 2 64 1
M Hzchannelscentred on 1396M Hzthereafter.
Data from both Parkes and JodrellBank are de-dispersed and folded atthe predicted
topocentric pulsarperiod.Thisprocessisperform ed oine forthe Parkesdata and online
for the JodrellBank data.Totalintegration tim es per observation were typically 10m in
at Parkes and 30m in at JodrellBank.Each pulse prole obtained by sum m ing over an
observation is convolved with a high signal-to-noise ratio \standard prole" producing a
topocentrictim e-of-arrival(TOA).Thesearethen processed using theT EM PO program z.
Barycentric corrections are obtained using the Jet Propulsion Laboratory DE200 solar-
system ephem eris(Standish 1982).The standard prolesatthe two observing frequencies
areshown in Fig.1.
2.2 Interferom etric Position D eterm ination
AsPSR J1740 3052 liesclose to the ecliptic and isa m em berofa long-period binary sys-
tem ,itsposition cannot yet be welldeterm ined through standard pulsartim ing analyses.
W ethereforeundertookobservationswith the6-elem entAustraliaTelescopeCom pactArray
(ATCA)on 1999April20.Pulsargatingm odewasused forsim ultaneousobservationsatfre-
quenciesof1384M Hzand 2496M Hz,with 128M Hzbandwidth in both polarisationsateach
frequency.The source 1934 638 wasused to give the prim ary ux density calibration and
the three sources1714 252,1751 253 and 1830 360 were used asphase calibrators.The
M IR IA D softwarepackagexwasused toproduceon-and o-pulseim agesofthepulsareld,
and to ta pointsourceto thedierenced im age.Theseim ageswerem adeseparately using
each ofthephase calibratorsateach ofthetwo frequencies,yielding ve sem i-independent
determ inationsoftheposition (thecalibration source1830 360 wasresolved forlong base-
linesat2496M Hz and therefore wasnotusable atthisfrequency)from which the position
and itsuncertainty werederived.Thisposition islisted in Table1.In theseand otherentries
in thistable,theuncertainty isgiven in parenthesesand refersto thelastquoted digit.
z See http://pulsar.princeton.edu/tem po.
x See http://www.atnf.csiro.au/com puting/software/m iriad.
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2.3 T im ing R esults and Im plications
Continued tim ingobservationsatJodrellBank and Parkesconrm ed thatPSR J1740 3052
isa m em berofa binary system in a highly eccentric orbit.Fig.2 showsthe m easured pe-
riod variation ofPSR J1740 3052 through theorbitalperiod of231 days.Subsequently,we
perform ed a phase-coherentanalysisofthearrivaltim esovertheperiod 1998 Aug.7 { 2000
Nov.23,using them ain-sequence-starbinary m odelofW ex (1998)in T EM PO .Theresults
are sum m arized in Table 1.The errorsare twice the form al1 valuesfrom the T EM PO
solution;weconsidertheseto beconservativeestim atesofthetrue1 errors.Tim ing resid-
ualsare shown in Fig.3.The DM wasobtained using the 1400M Hz observationsand ve
660M Hz observationsatorbitalphases farfrom periastron.Uncertainties in the pulse ar-
rivaltim esweredeterm ined by requiring thatthereduced 2 be1.0 fortheindividualdata
setsfrom thedierentreceiversand telescopes.Thereareclearly som erem ainingsystem atic
trendsin theresiduals.Astheorbitalperiod isroughly 8 m onthsand thesam pling isirreg-
ular,wearenotyetableto fully distinguish between orbitaland annualeectsin thedata.
Forthisreason,we have xed the position atthatdeterm ined by the ATCA observations,
and nd,in the bestsim ultaneous tofallparam eters,a m arginally signicant resultfor
theadvanceofperiastron,_!.If _! isnotincluded in thet,theoverallreduced  2 increases
from 1.05 to 1.20;thisincreasesourcondence in the signicance ofthe param eter.W ith
continued long-term tim ing,it should be possible to rene the position as wellas _! and
otherorbitalparam eterssuch asthechangein projected sem i-m ajoraxis,_x,and theorbital
period derivative, _Pb.
The spin param eters for PSR J1740 3052 yield a characteristic age ofc = P=2 _P =
3:5 105yr,and a relatively high im plied surface dipole m agnetic eld strength ofB 0 =
3:2 1019(P _P)1=2 = 3:9 1012G.The pulsarisclearly young and the high m agnetic eld
and longperiod suggestthatithasnotundergoneaccretion ofm assand angularm om entum
from itscom panion.
Using theTaylor& Cordes(1993)m odelforthefreeelectron density distribution in the
Galaxy and the m easured DM ,we obtain an estim ated distance for PSR J1740 3052 of
11kpc,with a nom inaluncertainty ofabout25% .
A lowerlim itonthecom panion m assm 2 can bederived from them assfunction,assum ing
thatthe pulsarm assism 1 = 1:35M  ,asobserved forneutron starsin binary radio pulsar
system s(Thorsett& Chakrabarty 1999):
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f1(m 1;m 2;i)=
(m 2sini)
3
(m 1 + m 2)
2
=
42
T
x3
P 2b
=
42
T
(a1sini)
3
c3P 2b
; (1)
where x = a1sini=c isthe projected sem i-m ajoraxisofthe pulsarorbit,Pb isthe orbital
period,c is the speed oflight and T  GM  =c
3 = 4:925490947s.Taking sini=1,the
m inim um com panion m ass is 11M  ,and the m ass derived using the m edian inclination
angleofi= 60 isroughly 16M  .Thissuggeststhatthepulsarcom panion iseithera black
hole ora non-degenerate stareven m ore m assive than the Be-starcom panion (SS2883)of
PSR B1259 63.Ifthecom panion isnon-degenerate,thehigh m assim pliesthatitm ustbe
eitheran early m ain sequence B starorelse a late-type supergiant.W e willconsiderthese
two casesand thatofa black holein discussing theim plicationsofourobservations,in the
end com ing to theconclusion thata B staristhem ostlikely com panion,although wehave
no directevidence forsuch a staratthepulsar’sposition.
An im portantpointto consideristhesizeofthecom panion.An early B starof11M  is
expected to havea radiusof6 or7 R  (e.g.,Cox 2000),m uch sm allerthan thepulsarorbit.
Ofcourse,a black holewillalso tthiscriterion.Late-typesupergiants,on theotherhand,
havetypicalradiiofseveralhundred R  (e.g.,van Belleetal.1999),com parabletoorlarger
than thepulsar’sprojected orbitalsem i-m ajoraxisof757 light-seconds,which isabout325
R  or1.5AU.Thedistanceofclosestapproach ofthetwobodiesm aybeassm allas0.72AU,
depending on theorbitalinclination angle.However,to date,therehasbeen no evidenceof
eclipse ofthe pulsaratany phase ofthe orbit(x4.1).Furtherm ore,the youth ofthe pulsar
and eccentricity oftheorbitindicatethatno signicantm asshasbeen transferred from the
com panion to the pulsar.Thus,ifthe com panion isin facta late-type supergiant,itm ust
be conned within itsRoche lobe.W e use the form ula ofEggleton (1983)to estim ate the
radiusoftheRochelobeofthecom panion starnearperiastron,arriving atroughly 0.4AU
forstellarm assesin therange11M  to 16M  .A late-typecom panion m ustthereforehave
a radiussm allerthan this,unusually sm allforsuch a star.On theassum ption thatthestar
lls(ornearly lls)itsRoche lobe,the lack ofeclipsesrequiresthe inclination angle to be
< 70
,resulting in a com panion m assof> 12:5M  .
2.4 T he A dvance ofPeriastron
As m entioned in x2.3,the pulsar tim ing solution shows an advance of periastron, _! =
0:00021(7)yr  1.This m ay be due to a com bination of general-relativistic and classical
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eects.Fora com pactcom panion,generalrelativity predictsan advanceof
_! = 3

Pb
2
  5=3
[T (m 1 + m 2)]
2=3(1  e2)  1
= 0:00023 yr  1; (2)
where e is the orbitaleccentricity and we assum e a pulsar m ass ofm 1 = 1:35M  and a
com panion m ass ofm 2 = 16M  .The observed value of _! is com parable to this,so that
a black hole com panion iscertainly perm itted by the observations.Classicalcontributions
to _! and to _x,the derivative ofthe projected orbitalsem i-m ajor axis,m ay com e from a
quadrupole m om entofa com panion star,induced eitherby thestellarrotation orby tides
raised by theneutron star(Lai,Bildsten & Kaspi1995;Kaspietal.1996;W ex 1998).For
a stellar quadrupole m om ent q,the expected classicalcontributions to _! and _x are (W ex
1998):
_! =
3q
Pba
2
1(1  e
2)2

1 
3
2
sin2 + cotisin cos cos0

= 830

q
AU 2

sin2i

1 
3
2
sin2 + cotisin cos cos0

yr  1; (3)
_x =
3q
Pbca
2
1(1  e
2)2
(a1sini)cotisin cos sin0
= 3:5 10  4

q
AU 2

sin2icotisin cos sin0; (4)
where0 istheprecession phase,and  istheanglebetween theorbitalangularm om entum
and thestar’sspin vectororthelineperpendicularto theplaneofthetidalbulge.
To estim ate the relative im portance ofthespin and tidalquadrupoles,qS and qT,fora
B m ain-sequencestar,wefollow thereasoning ofLai,Bildsten & Kaspi(1995)and takethe
ratio
qS
qT


Pb
PS
2 (m 1 + m 2)
m 1
(1  e)3; (5)
where PS is the spin period ofthe star,which we estim ate to be 2  10
5sec,sim ilar to
thatforthe B1V com panion to PSR J0045 7319 (Belletal.1995).From this,we derive
qS=qT  10
4;consequently thetidalquadrupoleisnegligiblein equations3{4 above.
The m easured non-general-relativistic contribution to _! is < 0:00012
yr  1.Assum ing
i= 60, = 20 (Bailes1988)and 0 = 45
,wend qS < 2:0 10
  7AU 2.Therotationally-
induced quadrupolem om ent,qS,isgiven by (Cowling 1938):
qS =
2
3
kR 52

2
Gm 2
(6)
where G is Newton’s constant,
 = 2=P S is the stellar angular velocity,m 2 and R 2 are
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thecom panion m assand radius,and k istheapsidalconstantrepresenting thestructureof
thestar,estim ated forsuch a starto be 0:01 (Schi1958;Claret& Gim enez1992).W ith
a radius estim ate of6.5R  as for the com panion to PSR J0045 7319 (Bellet al.1995),
thisleadsto an estim ateofthestellarrotationalangularvelocity of
 < 2:7 10
  5rads  1,
PS > 2:3 10
5s,consistentwith thatused abovein equation 5.
Based on thisestim ate ofthe spin quadrupole,the change in the projected sem i-m ajor
axisispredicted to be _x < 4:6 10
  11 sin2icotisin cos sin0,com parable to ourm ea-
sured lim itof4 10  11 and providing no constraintson theinclination angleorprecession
phase.
In thecaseofalate-typecom panion,weestim ateR 2  0:35AU based on theRochelobe
argum entin x2.3,m 2 = 12:5M  ,i= 70
 and k  0:03 (A.Claret,privatecom m unication).
The spin ofthe star,
,isnotwellknown.Based on an estim ate ofvsini’ 1km s  1 for
late supergiants (de M edeiros & M ayor 1999),we arrive at 
 ’ 1:2  10   7rads  1,and
hence qS ’ 3:0 10
  6AU 2 fora 12.5M  star.However,asthe radiusofthe starm ustbe
signicantly sm allerthan thatofm ostsupergiants,vsinicould wellbelarger.An estim ate
of
 ’ 3:1 10   7rads  1 and hence qS ’ 2:0 10
  5AU 2 com es from setting the stellar
rotationalrateequalto theorbitalfrequency.
Thequadrupolem om entdueto a tide,qT,can bewritten as:
qT = k
m 1
m 2
R
2
2

R 2
r
3
(7)
whereristhecentre-of-m assseparation atany given tim e(Lai,Bildsten & Kaspi1995).Un-
derthesam eassum ptionsgiven aboveforalate-typecom panion,wend qT ’ 5:3 10
  6AU 2
averaged overthe orbit.Thusthestatic tidaland the rotationalquadrupole m om entsm ay
wellberoughly thesam eorderofm agnitude,although probably notaligned.
Thetidalquadrupolewillnotcontributetothevalueof_x in equation 4above,asthetidal
bulgewillbealigned with theorbitalplane.Them easured lim itof_x < 4:0 10  11,com bined
with the assum ptions thati= 70 and  = 20,yields a value ofqS < 1:6 10
  6AU 2 or

 < 8:0 10
  8rads  1 for0 = 45
,slightly sm allerthan ourestim ateabove.
However,both thestatictidaland rotationalquadrupolem om entswillcontributetothe
value of _!,although,given the dierence in m agnitudesand alignm ents,the contributions
willdierin sizeand perhapsalso in sign.Using theestim ateofqS derived in thepreceding
paragraph,wearriveatam axim um rotationalquadrupolecontribution to _! of0:0013 yr  1.
Theestim ateofthestatictidalcontribution islarger, 0:0044 yr  1.Theactualm easured
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value of _! is 0:00021(7)yr  1,about an order ofm agnitude sm aller than either ofthese
values.
W ith thesim pleassum ptionswehavem ade,itisdicultto reconciletheobserved and
predicted values of _! for a late-type supergiant com panion.It m ay be possible to do so
through ne-tuning ofthestellarspin,the precession phase and thespin inclination angle,
butsuch a solution seem sunlikely.
3 N EA R -IR SEA R C H FO R T H E C O M PA N IO N
In orderto clarify the nature ofthe com panion,we undertook observationsin otherwave-
bands.PSR J1740 3052 liesonly 0:13 from the Galactic plane,very close to the Galactic
Centreandatadistanceofroughly11kpc;largeam ountsofextinction arethereforeexpected
atopticalwavelengths.Indeed,thereisno objectatthepulsarposition in theDigitised Sky
Survey (DSS),which coverstheV -band to approxim ately 16th m agnitude.Thereisalso no
sign ofan opticalim age on deeperSky Survey photographstaken with the U.K.Schm idt
Telescope,to lim iting m agnitudesof21 in B ,20 in R and 18 in I.W ethereforecarried out
observationsatinfrared wavelengths.
On 1999M ay 2 (M JD 51300,binary phase0.77),weobtained K -band (2.2 m )spectro-
scopic observations using the M PE near-infrared im aging spectrograph 3D (W eitzeletal.
1996)on the3.9-m Anglo-Australian Telescope(AAT),pointing attheposition determ ined
from the ATCA observation.Thisobservation revealed a brightstarwith K -band m agni-
tude of10.050.05 within 100 ofthe nom inalposition.The observations were m ade using
the tip-tiltcorrection system rogue (Thatte etal.1995).3D usesan integraleld unitto
splitthelightfrom a spatialgrid of16 16 0.4 arcsecpixelsinto 256 separatespectra.The
eective resolution,=,of1100 isobtained by com bining two spectra whosewavelength
centre is shifted by halfa pixelusing a piezo-driven at m irror.W e observed HD161840
(spectraltype B8V)asan atm ospheric standard.A Lorentzian wastted to the hydrogen
Brackett- absorption during reduction.W e also observed HD169101 (spectraltype A0V)
asa ux calibrator,assum ing V   K = 0.Data werereduced using routineswritten forthe
GIPSY data reduction package(van derHulstetal.1992).Thereduction sequence involved
atelding,bad pixelcorrection,m erging oftheseparateim agescorresponding to thetwo
sub-spectra,wavelength calibration,and form ation ofadatacube.Thenalspectrum ofthe
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source,which had an eectiveintegration tim eperpixelof1680seconds,wasthen extracted
from them erged cube,and divided by theatm osphericstandard.
Atthesam etim e,weobtained a20 20K -band im ageoftheeld usingthenear-infrared
array cam era CASPIR (M cGregoretal.1994)on theAustralian NationalUniversity 2.3-m
telescope atSiding Spring Observatory.The exposure tim e was1 m inute,and the lim iting
K m agnitudewas 17.Thisim ageisshown in Fig.4.
Thebrightstarfrom the3D observation wasidentied on theCASPIR im ageasshown
in Fig.4,with a consistent K -band m agnitude of10.030.01.Astrom etric reduction of
thisim agewasperform ed attheRoyalObservatory Edinburgh.Twelvesecondary reference
stars were identied on both the K -band im age and an archivalUK Schm idt Telescope
R-band plate.Positions ofthese stars and hence the candidate star were related to the
Hipparcosreference fram e using the Tycho-AC catalogue (Urban,Corbin & W yco 1998)
and SuperCOSM OS digitised im ages(Ham bly etal.1998).Thisyielded a position forthe
starofR.A.(2000)17h40m 50:s01(1),Dec.(2000) 3052003:008(2).W ithin thecom bined errors,
thisposition agreeswith theposition ofthepulsargiven in Table1.A sim plecountyieldsa
density ofobjectsbrightenough to bedetected in theCASPIR im ageofroughly 0:015 per
arcsec2.Using an errorregion of0.86 arcsec2,which includesthe95% condenceregionsfor
both theradio and opticalpositions,theprobability ofa chancecoincidence is1.3% .
W e note that the candidate com panion star is included in the Point Source Cata-
logue of the Two M icron All Sky Survey (2M ASS) collaboration,with the designation
2M ASSI 1740500 305204.In an observation on 1998 Aug.14 (binary phase 0.64),the
survey determ ined J,H and K apparentm agnitudesof14.5230.046,11.4410.024,and
10.0090.030,respectively.W ithin theuncertainties,therefore,thestarappearstobestable
in m agnitude.
TheK -band spectrum obtained with theAAT isshown in Fig.5,with them ostprom i-
nent lines indicated.There is signicant absorption ofm etals and both 12CO and 13CO.
W ehave com pared thespectrum with those ofcataloguesources(Kleinm ann & Hall1986;
W allace & Hinkle 1997)by eye and by calculating equivalent widths.The resultsindicate
thatthestarislikely to havea spectraltypebetween K5 and M 3.
Figure 5 also indicates hydrogen Brackett- in em ission.The presence ofthis line in
late-type stars is usually taken to indicate the presence ofa com pact com panion with a
hotaccretion disk providing the ionising ux,forexam ple,asin the X-ray binary GX1+4
(Chakrabarty& Roche1997;Davidsen,M alina& Bowyer1977).InthecaseofPSR J1740 3052,
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webelievethereisno accretion disk (seex4.3 below),and so theheating photonsm usthave
anothersource.In principle,they could com efrom a shock attheinterfacebetween thepul-
sarand supergiantwinds.However,atthenom inaldistanceof11kpc,theobserved strength
ofthe Brackett- is 20% ofthe pulsar’s spin-down lum inosity;as Brackett- is only one
ofm any recom bination linesofionised hydrogen,we argue thatthe pulsarcannotprovide
sucientenergy to producetheobserved linestrength.
Becauseofthisdilem m a,furtherK -band spectroscopicobservationsofthelate-typestar
werem adeusingCASPIR on the2.3-m telescopeatSidingSpringObservatory on 2000Nov.
4 (binary phase 0.16).The A0 starBS6575 wasused asux calibrator,with interpolation
overBrackett- duringreduction.Thisobservation gaveaspectrum sim ilarin appearanceto
thatin Fig.5 butwith no signicantindication ofBrackett-.Asa furthercheck,a K5 star
(BS6842)and an M 1 star(BS6587)were used ascalibration forthesupergiantspectrum {
in no casewassignicantBrackett- seen.ItthereforeappearsthattheBrackett- em ission
seen in Fig.5ishighly variable.VariableBrackett- em ission isseen in late-typestarswhich
varyin m agnitude(Lancon & W ood2000)butitisdiculttoexplain in an apparentlystable
starsuch asthisone.Perhapsthestarisindeed variable,and thethreedierentobservations
happen to havebeen taken atthesam epulsationalphase.W enotethatthespacing in days
between thetwoCASPIR observationsisroughlytwicethatbetween the2M ASS observation
and theinitialCASPIR/3D observation.
The 2M ASS observationscan be used to determ ine the extinction toward the starand
hence its bolom etric m agnitude.For spectraltypes ranging from K5 to M 3,the intrinsic
J   K colourshould bebetween 0.99 and 1.12,and theintrinsicH   K colourbetween 0.19
and 0.25 (Houdashelt et al.2000).Using the standard universalextinction law (Rieke &
Lebofsky 1985)to deriveA K =E (J   K )= 0:66 and A K =E (H   K )= 1:78,wend thatthe
K -band extinction A K m ustbein therange2.1 to 2.3 m agnitudes.TheK -band bolom etric
correction is approxim ately 2.6 for a K5 star and 2.7 for an M 3 star (Houdashelt et al.
2000).Thusifthe starwere atthe estim ated pulsardistance of 11kpc,the observed K
m agnitude ofabout10.03 would im ply a bolom etric m agnitude in therange 4:6 to  4:9.
Thislum inosity im pliesa stellarm assofonly 6 to7M  fora supergiant(M aeder& M eynet
1989),notlargeenough to m akethisstarthepulsarcom panion.
Itiswellrecognised thatdistancesestim ated from theTaylor& Cordes(1993)dispersion
m easurem odelm aybesignicantly in error.Them odelsofM aeder& M eynet(1989)predict
a bolom etric m agnitude of 6:5 fora 12M  star,requiring the system to be ata distance
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of23kpc | m ore than twice asfaraspredicted by the dispersion m easure m odel.W e do
notbelieve thisto belikely,butitisnotim possible.
A further problem which arises with identifying this star as the com panion,at either
distance,isthestellarradius.Asnoted in x2.3,red supergiantshaveradiiofseveralhundred
R  (van Belle et al.1999),larger than perm itted by the pulsar orbit.In fact,requiring
thatthe com panion be contained within the Roche lobe forcesthe stellarradiusto be less
than 0.4AU.In short,the lum inosity and radius required ofa late-type supergiant m ake
it quite unlikely thatthis staris the pulsar com panion.Ifthe observed star lies near the
Galactic centre ata distance of8.5kpc,itsbolom etric lum inosity would be approxim ately
 4:3,consistentwith thatoftheroughly solar-m assred giantswhich dom inatetheGalactic
Bulgestellarpopulation.W ebelievethatthisisthem ostself-consistentexplanation ofthe
propertiesofthisstar.
It therefore appears thatthe positionalagreem ent between the late-type star and the
pulsarisindeed acoincidence.IfthereweretobeaB starhidden bythelightofthelate-type
starand attheestim ated pulsardistanceof11kpc,itsK -band m agnitudewould beroughly
15 and itwould notappreciably changetheobserved K -band spectrum .
4 O B SERVAT IO N S N EA R PER IA ST R O N
In afurtherattem pttodistinguish between ablackholeand anon-degeneratecom panion,we
undertook dual-frequency radio m onitoring cam paignsofthepulsararound theperiastrons
of2000 February 10 (M JD 51584.5)and 2000 Septem ber28 (M JD 51815.5).Observations
werem adeatParkeson m ostdaysin theperiods2000 February 5 { 17 and 2000 Septem ber
19{30atcentrefrequenciesof660M Hzand 1390M Hz.Thegoalsofthesecam paignswereto
verify theabsenceofeclipsesand to look forevidenceofvariationsin thepulsar’sdispersion
and rotation m easures,assuch changesm ightbeexpected from theinteraction ofthepulsar
signalwith thewind from a non-degeneratecom panion.
4.1 T im ing O bservations
TheParkesdual-frequency tim ingobservationswereperform ed at660M Hzusinga2 256
0:125-M Hz lterbank and,using the centralbeam ofthe m ultibeam receiver,at1390M Hz
with a 2 512 0:5-M Hzlterbank,both em ploying the1-bitdigitisation system described
in x2.1.The pulsar was detected on each observing day,dem onstrating conclusively that
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there isno eclipse.Fig.6 showstim ing residualsofthe 660-M Hz and 1390-M Hz data asa
function oforbitalphase,with the dispersion m easure held constantatthe value given in
Table1.Thereisclearevidenceforincreased and variabledispersion beforeperiastron.This
pattern isconsistentwith theobserved longitudeofperiastron,asthecom panion isbetween
usand the pulsarbefore periastron and beyond the pulsarafterperiastron.Therefore,one
would expectincreased DM sbeforeperiastron and m orestablevaluesafter.
Theseobservationsshow thattheincreasein DM on any given day relativeto therefer-
enceDM of740.9(2)cm   3pcistypically oftheorderof1 or2cm   3pc.Fortheobservations
before periastron,the extra distance travelled acrossthe pulsarorbitisabout1013 cm ,or
0.67 AU,leading to an estim ated electron density insidetheorbitofa few 105cm   3.
W econsideronceagain thepossibility ofa late-type,cool,brightstarasthecom panion.
The expected stellar wind from such a star is ofthe order of10  6M  yr
  1 (e.g.,Dupree
1986)with an ionised fraction of0.002 { 0.02 (Drake& Linsky 1983).Theclosestapproach
ofthetwo starsfori= 70,m 2 = 12:5M  isonly 0.75AU,justtwicethem axim um possible
stellarradiusbased on Roche-lobeconsiderations.Assum ing a distancefrom thecom panion
centreofabout0.75 AU and a stellarwind velocity of 30km s  1 (Dupree1986),wearrive
atan estim ateforan ionised m ass-lossrateofafew 10  11M  yr
  1 and thereforean overall
m ass-loss rate of10  9{10  8M  yr
  1.Thisissm aller by two ordersofm agnitude than the
expected rate for these stars,which could possibly be explained ifthe m ass loss is very
clum py as found,for exam ple,in  Ori(e.g.,Skinner & W hitm ore 1987).However,we
believe thatthislow m ass-lossrate castsfurtherdoubton the association ofthe late-type
starwith thepulsar.
In the case ofan early B star,we follow the argum ents ofKaspiet al.(1996) and
referencestherein in adopting thefollowing law forthewind velocity vw:
vw(r)= v1 (1  R 2=r)
1=2
; (8)
where r isthe distance from the centre ofm assofthe starand v1 is1{3 tim esthe escape
velocity vesc  725km s
  1.The electron density ne(r)atany pointr from the starcan be
found from m assconservation:
_M = 4r2ne(r)m pvw(r) (9)
where _M isthe m ass-lossrateand m p isthe proton m ass.Fortheobservationsjustbefore
periastron,we integrate num erically along the line ofsightthrough the pulsarorbitin the
following m anner:
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I =
Z
1
q
1  R 2=r
1
r2
dl (10)
in orderto nd theexpected dierence in DM .Theend resultis:
_M = 1:1 10  9

v1
vesc

DM
I
M  yr
  1 (11)
where DM isthe dierence in DM before and afterperiastron in unitsofcm   3pc and I
isin unitsofAU   1.Both DM and I are ofthe orderofunity here,im plying a m ass-loss
rate ofa few 10  9M  yr
  1,roughly whatispredicted forearly-type starsofthism assin
the Galaxy (e.g.,de Jager et al.1988).W e note that this m ass-loss rate is two orders of
m agnitudehigherthan theupperlim itfound forPSR J0045 7319 in theSm allM agellanic
Cloud,lending supportto the argum entfora m etallicity dependence ofthe m ass-lossrate
forsuch stars(Kaspi,Tauris& M anchester1996).
W e conclude thatthe observed DM variationsare betterexplained by an early B-star
com panion ratherthan by a late-typesupergiant.
4.2 Polarim etric O bservations
Thepolarisation ofthem ean pulseprolewasm easured on atotalof18daysbefore,during
and afterthe2000February periastron,and on severalotheroccasionsthroughouttheorbit,
using thecentrebeam ofthem ultibeam receiverand theCaltech correlator(Navarro 1994).
The centre frequency and bandwidth were 1318.5 M Hz and 128 M Hz,respectively.Obser-
vationswerem adein pairsatorthogonalposition angles,typically for30 m in ateach angle;
sum m ing oftheseorthogonalpairsrem ovesm ostoftheeectsofinstrum entalpolarisation.
Data were calibrated following standard procedures(Navarro etal.1997),exceptthatthe
fullfrequency resolution ofthecorrelator,128 1 M Hz,wasretained during theprocessing.
In general,the m ean pulse prole is weakly polarised.Fig.7 shows the m ean prole
resulting from adding allofthe data obtained over the periastron period,between 2000
February 4 and February 17,a totalof5.85 hoursofobservation.Theaveragelinearpolar-
isation hLi=hIi,whereL = (Q 2 + U 2)1=2,isonly 1 4% .However,thereissom esignicant
circularpolarisation,with a hintofa sensereversalnearthepulsepeak.Thissuggeststhat
the very narrow pulse (fullwidth at half-m axim um of8 oflongitude) is from the core
region ofthepolarcap (e.g.,Rankin 1983).
Itispossiblethatthevery low linearpolarisation isduetoFaraday depolarisation in the
wind ofthe com panion.Thiseectisseen in the eclipsing Be-starsystem PSR B1259 63
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(Johnston etal.1996).To investigate thiswesum m ed theindividualchanneldata foreach
orthogonalpairovera range ofrotation m easures(RM )from  5000 to +5000 rad m   2 in
stepsof50 rad m   2.W here signicantlinearpolarisation wasfound,an im proved value of
therotation m easurewascom puted from aweighted m ean position angledierencebetween
the two halves ofthe observed band.On three of20 or so observations m ade away from
periastron,on 2000 February 28,M arch 26 and M ay 31,signicantlinearpolarisation (20 {
30% )wasobserved with rotation m easuresof+180, 85,and  220 rad m   2,respectively.
No signicantpolarisation (< 10% )wasobserved atany rotation m easurewithin thesearch
rangeduring theperiastron period oron otheroccasions.
These resultssuggestthatFaraday rotation isoccurring in the wind ofthe com panion
star and that it is highly variable.Com bined with the DM variations of1 or 2 cm   3 pc
during periastron passage(x4.1),theRM changesindicatethatthem agneticeld strength
in the wind region (weighted by the localelectron density)isatleasta few tim es0.1 m G.
Theobserved variationssuggestthattheeld structureiscom plex,and so thisvalue,which
isintegrated along thelineofsight,isa lowerlim itto theactualeld strength in thewind
region.
The very existence ofDM and RM variationsappearsto argue againsta black hole as
thepulsarcom panion,although itisperhapsplausiblethatthepassageofthesignalthrough
theextended atm osphere ofthelate-typestarcould beresponsible forthevariationsifthe
late-typestarisforeground and thegeom etry isfavourable.
4.3 A rchivalX -ray O bservations
Foranon-degeneratecom panion,particularlyanextended giantstar,accretionofcom panion
wind m aterialonto the neutron star could in principle occur near periastron,where the
distance ofclosestapproach is0.72AU/sini.Such accretion m ightresultin observable X-
ray em ission.
To investigatethispossibility,weexam ined archivalX-ray observationsoftheeld near
PSR J1740 3052.Serendipitously,theASCA X-ray telescope(Tanaka,Inoue& Holt1994)
observed aeld containingPSR J1740 3052on 1995Septem ber26(SequenceID 53016050)
as part ofits survey ofGalactic Ridge em ission.This is only 19 days after a periastron
passage.In addition,the source was only 80 from the centre ofthe eld ofview in the
observation.
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W ehavereduced datafrom thetwoco-alignedGasIm agingSpectrom eters(GIS)onboard
ASCA.TheeectivetotalGIS exposurewas2 12:5 ks.W eused thestandard ASCA data
analysis toolXSELECT to produce a rst im age ofthe eld,for both GIS2 and GIS3.For
thisim age,we included countshaving energiesbetween 2 and 10keV,assofterem ission is
likely tohavebeen absorbed,given thelargeexpected colum n density toward thesource(see
below).Theresultingim agewasexposure-corrected,and wasfurthercorrected forvariations
in theparticlebackground overtheelds-of-view using theFTOOL ascaexpo.Fordetails,see
Roberts,Rom ani& Kawai(2001).Thecorrected GIS2and GIS3im ageswerecom bined and
sm oothed with a Gaussian function having FW HM 5000.
No signicantem ission wasdetected from thepulsarposition.To setan upperlim iton
the ux,we rst found the rm s scatter ofthe im age,1:5 10  7 counts s  1cm   2 pixel  1.
This num ber was then m ultiplied by the num ber ofpixels (117) in the half-power region
ofthe ASCA point-spread function.M ultiplying by 2 forthe fullpower,and by 3 to yield
a 3 upperlim it,we nd thatthe observed ux from the source in the 2{10 keV band is
< 1 10  4 countss  1cm   2.
In orderto determ ine the upperlim iton the energy ux and hence source lum inosity,
we assum e a sim ple power-law m odelhaving photon index  2,and an equivalentneutral-
hydrogen absorbing colum n ofN H ’ 3 10
22cm   2.W e use HEASARC’s tools{ to convert
the above upper lim it on the photon ux into an upper lim it on the unabsorbed energy
ux,1:4 10  12 erg s  1 cm   2,in the2{10 keV band.Fora distanceof11kpcasestim ated
from the pulsar’sdispersion m easure (see x2.3),thisim pliesan upperlim iton the source’s
2{10keV lum inosity Lx < 2 10
34 erg s  1.Assum ing thesim plestpossibleaccretion m odel,
thisim plies _M < LxR p=Gm 1 = 1:8 10
  12 M  yr
  1,whereR p = 10 km and m 1 = 1:35M 
aretheassum ed neutron starradiusand m ass,respectively.
Given this upper lim it,accretion is very unlikely to have occurred.Such a low _M is
unlikely to have sucientpressure to overcom e thepulsarwind pressure (see,e.g.,Tavani,
Arons& Kaspi1994),so m aterialisunlikely to have com e within theaccretion radius.W e
note however that our upper lim it does not preclude the existence ofnon-therm alshock-
powered X-rayslikethoseseen in thepulsar/Bestarbinary PSR B1259 63 nearperiastron
(Kaspiet al.1995;Hirayam a et al.1996).The shock em ission is ultim ately powered by
the pulsar’s spin down.PSR J1740 3052 has a m uch sm aller spin-down lum inosity than
{ WebSpec:http://heasarc.gsfc.nasa.gov/cgi-bin/webspec and W3PIMMS:http://heasarc.gsfc.nasa.gov/Tools/w3pim m s.htm l.
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PSR B1259 63 and ism uch m ore distant.Even in the unlikely eventthatallofthe spin-
down lum inosity ofPSR J1740 3052 (_E = 5:5 1033 erg s  1,see Table 1)were converted
into shock em ission in theX-ray band,itwould beunobservablein thearchivalASCA data.
5 D ISC U SSIO N
On evolutionary grounds,thereisno reason to preferonetypeofcandidatecom panion over
another.As we have discussed above,PSR J1740 3052 is a young pulsar which has not
undergonean episodeofm asstransferfrom itscom panion.Thepulsar’scharacteristicageis
3:5 105yr,whilea late-typesupergiantstarm ightbeexpected to evolvefrom an OB star
in  107yr,m aking eithertype ofnon-degenerate com panion consistentfrom the pointof
view ofstellarages.Thefactthatthesystem rem ained bound on form ation oftheneutron
starsuggeststhatthepre-supernova starwasthelessm assive ofthetwo atthetim eofthe
explosion.Thisisconsistentwith evolutionary scenariosinvolving m asstransferon to the
initially lighterstar(PortegiesZwart& Yungelson 1998).Thism asstransferm ay also have
som ewhataccelerated thecom panion’sevolution.Alternatively,a suitably oriented kick on
form ationcould havekeptthesystem bound (Bailes1988;Tauris& Takens1998).In thecase
ofa black-holecom panion,theneutron starwould bethesecond-form ed com pactobject,as
theblack-holeprogenitorwould havebeen m orem assive initially.
Twopulsarsystem sarecurrentlyknowntohavenon-degeneratecom panionstars,PSRsB1259 63
(Johnston etal.1992)and J0045 7319(Kaspietal.1994),and thesecontain Beand B stars,
respectively.These system s are considered likely progenitors ofHM XBs.If,as we believe
islikely,the com panion to PSR J1740 3052 isalso an early B star,then thissystem will
likely alsobecom ean HM XB in thefuture,astheneutron starbeginstoaccretem atterfrom
the evolving com panion’swind.Asthe com panion evolves to overow itsRoche lobe,the
system willenteracom m on-envelopephaseand theneutron starwillbegin tospiralin.The
currentorbitalperiod ofthissystem ,231days,m akestheoutcom eafterthispointuncertain
(van den Heuvel1993).The neutron starm ay spiralin com pletely,resulting in a red giant
starwith a neutron starcore:a Thorne-Zytkow object(Thorne & _Zytkow 1977).Alterna-
tively,therem ay beenough energy released during theorbitalspiral-in toejectthecom m on
envelope,leaving behind theevolved coreofthecom panion.Given thecurrentm assofthe
com panion,thiscoreislikely to undergo a supernova explosion itself,leaving behind either
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a bound double-neutron-starsystem such asPSR B1913+16,orelse two isolated neutron
stars,onem ildly recycled,oneyoung.
W ehaveargued throughoutthispaperthatthecom panion ism ostlikely to bean early-
typeB starratherthan ablackholeorthelate-typestarwhich iscoincidentwith thepulsar’s
position.Ourargum entsm ay besum m arized asfollows:
(i) The m agnitudeofthelate-typestarcoincidentwith thepulsarposition can bem ade
consistentwith the bolom etric m agnitude ofan 11M  staronly ifthe dispersion m easure
estim ate ofthe distance to the pulsar is low by a factor oftwo.In contrast,the colours
and m agnitude ofthestarareperfectly consistentwith an AGB starofabout1M  atthe
Galacticcentre.
(ii) An early-B m ain sequence staratthe nom inalpulsar distance ofabout11kpc and
hidden by the late-type starwould notsignicantly alterthe observed K -band m agnitude
orspectrum .
(iii) Theradiioflate-typesupergiantstarsareaslargeasorlargerthan thepulsar’sorbit.
No signicant m ass hasbeen transferred to the pulsarfrom the com panion,requiring the
com panion to beconned insideitsRochelobeofradiusroughly 0.4AU,im probably sm all
foralate-typesupergiant.Such asm allradiuswould alsorequireeitherahighertem perature
ora sm allerlum inosity forthestar,contrary to ourunderstanding oftheevolution ofthese
objects(M aeder& M eynet1989).
(iv) Even fora late-type supergiantofthe sm allrequired radius,the calculated m agni-
tudes ofthe tidaland spin quadrupoles predict an advance ofperiastron in the pulsar’s
orbit an order ofm agnitude larger than thatobserved.By contrast,sim ilar estim ates for
an early B starpredictvaluesnotm uch largerthan the general-relativistic prediction,and
a good m atch to the observations.A black-hole com panion is also consistent with these
observations.
(v) The existence oforbital-phase-dependent DM and RM variations argues fora non-
degenerate com panion ofsom e kind,and againsta black-hole com panion unlessthere isa
fortuitous alignm ent between the pulsar’s orbit and the extended wind ofthe foreground
late-typestar.Furtherm ore,theobserved m agnitude oftheDM variationsim pliesa stellar
wind two ordersofm agnitude sm allerthan thatpredicted forlate-type stars(e.g.,Dupree
1986)butconsistentwith thatexpected foran early B star.
Allpointsconsidered,we nd thatthe bulk ofthe evidence pointsto a non-degenerate
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com panion,buttoan early B starratherthan tothelate-typestarobserved tobecoincident
with thepulsarposition.Itshould bepossibleto establish whetherornotthelate-typestar
isthecom panion through acarefulsearch forDopplerradialvelocity variationsin thestellar
spectrum .The expected totalrange ofradialvelocity variation is 22km s  1 foran 11M 
com panion,or 15km s  1 for a 16M  com panion;this should be m easurable with a high-
resolution spectrom eter.Further m ultifrequency radio m onitoring ofthe orbitalDM and
RM variationswilllead to a characterization ofthe wind ofa non-degenerate com panion.
Finally,continued long-term tim ing ofthe pulsar willlead to precise values of _! and _x,
allowing a separation ofgeneral-relativistic eectsfrom those caused by the quadrupole of
a non-degeneratecom panion,thusproviding nalproofofthenatureofthecom panion.
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Table 1.Param eters ofPSR J1740  3052
M easured Param eters
R ightA scension (J2000)a 17h40m 50:s031(5)
D eclination (J2000)a   3052004:001(3)
D ispersion M easure (cm  3 pc) 740.9(2)
Period (s) 0.570309580513(16)
Period D erivative 2:54969(4) 10 14
Epoch ofPeriod (M JD ) 51452.0
O rbitalPeriod (days) 231.02965(3)
Projected Sem i-m ajorA xis(light-seconds) 756.9087(4)
Eccentricity 0.5788720(4)
Epoch ofPeriastron (M JD ) 51353.51233(3)
Longitude ofPeriastron (degrees) 178.64613(6)
A dvance ofPeriastron (degreesyr 1 ) 0.00021(7)
D erivative ofProjected Sem i-m ajorA xisb < 4 10 11
D erivative ofO rbitalPeriodb < 4 10 8
D ata Span (M JD ) 51032 { 51872
R .M .S.Tim ing R esidual(m s) 0.8
Flux D ensity at1400 M H z (m Jy) 0.7(2)
D erived Param eters
G alactic Longitude (degrees) 357.8
G alactic Latitude (degrees)   0.13
D istance (kpc)  11
Characteristic A ge (yr) 3:5 105
Surface M agnetic Field (G ) 3:9 1012
R ate ofEnergy Loss (ergs 1 ) 5:5 1033
M assFunction (M  ) 8.723248(12)
aPosition determ ined from interferom etric observation.
bFitwhile holding allother param eters constant at the values shown.
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Figure 1.M ean pulse proles at 1390M H z and 660M H z.Integration tim es were 11.2 hours at 1390M H z,and 11.6 hours at
660M H z.The dispersion sm earing is 1.11m s at 1390M H z,and 5.36m s at 660M H z.The sm alldip at the leading edge ofthe
1390-M H z prole isan instrum entalartefact.The scattering tim escale derived from the 660-M H z prole isroughly 58m s.This
scales by  4:4 to about9m s at1G H z,only 25% ofthe value predicted by the Taylor & Cordes (1993) m odel.
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Figure 2. O bserved variations of the solar-system barycentric period of PSR J1740  3052 over the 231-day orbitalperiod
m easured using the 76-m Lovelltelescope at JodrellBank O bservatory and the 64-m telescope at Parkes.The curved line
represents the tofa binary m odelto the data.O rbitalphase 0 isperiastron,which occurs nearly in the plane ofthe sky.
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Figure 3.Tim ing residualsrelative to the best-tsolution forPSR J1740  3052 over the period 1998 A ug.7 { 2000 N ov.23.
O pen squares represent JodrellBank 1400-M H z data,lled triangles Parkes 1400-M H z data and lled circles 660-M H z data.
Top panel:residualsasa function oftim e.Bottom panel:residualsasa function oforbitalphase,wherephase 0/1 isperiastron.
25
Figure 4.Im age ofthe PSR J1740  3052 eld taken with the Siding Spring O bservatory 2.3-m telescope at2:2m (K -band).
The coincident late-type star,near the centre ofthe gure,is m arked,and the thick horizontalbar is oflength 2000.N orth is
atthe top ofthe gure and east to the left.
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Figure 5.2.2 m (K -band)spectrum ofthelate-typestarattheposition ofPSR J1740  3052 obtained with the3D instrum ent
on the A nglo-A ustralian Telescope.Prom inentspectrallinesare labeled.
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Figure 6. R esiduals at 660M H z and 1390M H z as a function oforbitalphase near the periastrons of2000 February 10 and
2000 Septem ber 28.Periastron isatorbitalphase 1.0.1390-M H z data are indicated by open squares,2000 February 660-M H z
by lled circles,and 2000 Septem ber660-M H zby lled triangles.There isclearevidence forvariation in the dispersion m easure
before periastron.W e believe the 660-M H z pointat phase  0:96 islikely to be reliable.
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Figure 7.M ean pulse polarisation prole for PSR J1740  3052 obtained by sum m ing 5.85 h ofdata obtained at 1318.5M H z
in 2000 February.The upper solid line isthe totalintensity,Stokes I,the dot-dashed line isthe linearly polarised com ponent,
L = (Q 2 + U 2)1=2,and the lower solid line is Stokes V = IL H   IR H .The box at the leftofthe baseline has a height offour
tim esthe baseline rm snoise and a width equalto the eective tim e resolution ofthe prole,including the eectsofinterstellar
dispersion.Position angles were not signicant,and hence are notplotted.
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